Low-cost solder-graphite composite sheets ( ‡55 vol.% solder), with solder and graphite forming interpenetrating networks to a degree, are excellent thermal interface materials (TIMs). Solders 63Sn-37Pb and 95.5Sn-4Ag-0.5Cu are separately used, with the latter performing better. In composite fabrication, a mixture of micrometer-size solder powder and ozone-treated exfoliated graphite is compressed to form a graphite network, followed by fluxless solder reflow and subsequent hot pressing to form the solder network. The network connectivity (enhanced by ozone treatment) is lower in the through-thickness direction. The electrical conductivity obeys the rule of mixtures (parallel model in-plane and series model through-thickness), with anisotropy 7. Thermal contact conductance £26 9 10 4 W/(m 2 K) (with 15-lm-roughness copper sandwiching surfaces), through-thickness thermal conductivity £52 W/ (m K), and in-plane thermal expansion coefficient 1 9 10 À5 /°C are obtained. The contact conductance exceeds or is comparable to that of all other TIMs, provided that solder reflow has occurred and the composite thickness is £100 lm. Upon decreasing the thickness below 100 lm, the sandwich thermal resistivity decreases abruptly, the composite through-thickness thermal conductivity increases abruptly to values comparable to the calculated values based on the rule of mixtures (parallel model), and the composite-copper interfacial thermal resistivity (rather than the composite resistivity) becomes dominant.
INTRODUCTION
A thermal interface material (TIM) is a material positioned at the interface between two surfaces for improving the thermal contact between the surfaces. 1 This is particularly needed in microelectronics, where heat dissipation is a serious problem that limits performance, reliability, and further miniaturization. In a microelectronic package, the two surfaces can be the heat sink and the microprocessor, for example.
A form of TIM is a thermal paste, which typically comprises particles and an organic vehicle. The particles are preferably those that exhibit substantial thermal conductivity. Due to the fact that the adjoining surfaces are never perfectly smooth, the ability of the paste to conform to the topography of the adjoining surfaces is very important. Inadequate conformability will result in air pockets at the interface, thus adversely affecting the quality of the thermal contact. For the sake of conformability, the vehicle should be sufficiently fluid. Silver particles, 2, 3 carbon black, [4] [5] [6] and graphite nanoplatelets 7, 8 are effective particles for formulating thermal pastes. Due to the attraction of a paste that is electrically nonconductive, zinc oxide particles 9 and fumed alumina particles 10 are also used to formulate thermal pastes. Carbon black and fumed alumina have the particular advantage of compressibility (squishability), which results from the fact that they are in the form of porous aggregates of nanoparticles.
Another form of TIM is a sheet, which is used in place of a thermal paste when there is a gap that needs to be filled between the two adjoining surfaces and/or when the handleability provided by a sheet is desired. An example of such a sheet is aluminum foil that has been coated with a thermal paste on both sides. 11 Another example is an elastomer-matrix composite that contains a thermally conductive filler. 11 The most common elastomer is silicone. Yet another example is a carbon nanotube array, with the direction of the nanotubes being perpendicular to the plane of the sheet. [12] [13] [14] [15] [16] [17] [18] [19] [20] However, carbon nanotube arrays suffer from high material cost and processing complexity, which stems from the fact that the nanotubes need to grow from a suitable substrate at a sufficiently high temperature. Due to the large thickness of a thermal interface sheet (e.g., 7 lm to 510 lm 11 ) compared with a layer of thermal paste (e.g., 0.2 lm to 7 lm 21 ), high thermal conductivity in the through-thickness direction of the sheet is more important for a thermal interface sheet than a thermal paste. Achieving high thermal conductivity has been a challenge for all these sheets.
Yet another example of a thermal interface sheet is ''flexible graphite,'' which is formed by compaction of exfoliated graphite particles. Exfoliated graphite is typically formed by exfoliation of intercalated graphite flakes. [22] [23] [24] Exfoliation involves expansion by up to hundreds of times along the c-axis of the graphite flake and is most commonly performed by rapid heating. Because of the cellular structure of exfoliated graphite, compaction of a collection of exfoliated graphite results in mechanical interlocking of the exfoliated graphite particles, thereby forming a sheet. This sheet is resilient in the direction perpendicular to the sheet, due to the cellular structure of exfoliated graphite and the preferred orientation of the graphite layers in the plane of the sheet. [25] [26] [27] The sheet is known as ''flexible graphite. '' 28,29 The resiliency helps the conformability, though the conformability of flexible graphite is low compared with that of high-performance thermal paste. The through-thickness thermal conductivity is low, 25, 30 due to the preferred orientation of the graphite layers of the flexible graphite in the plane of the sheet. Mats made of a combination of exfoliated graphite nanoplatelets, carbon nanotubes, and carbon nanofibers have been reported to provide thermal contact conductance of 2 9 10 4 W/ (m 2 K). 31 This value is low compared with the value of up to 26 9 10 4 W/(m 2 K) provided by graphite nanoplatelet paste. 7 Vertically aligned carbon nanotubes have been grown on flexible graphite, but the performance for this material as a TIM between two surfaces has not been evaluated. 32 Solders have long been used as TIMs. 33 Voiding has been a major issue in solders. The thermal resistance of soldered joints is increased by the formation of voids, which can occur both in the solder and at the interface between solder and the adjoining surface. 34 Moreover, in case of tin-containing solders interfacing with a copper surface, the tin in the molten solder reacts with copper to form intermetallic compounds. 35 The compounds hinder the ability of the molten solder to wet the copper surface. Furthermore, cracks tend to form at the interface between tin and the compound.
Fillers [36] [37] [38] [39] [40] [41] have been added to solders to form solder-matrix composites that exhibit decreased values of coefficient of thermal expansion (CTE) and/or enhanced creep resistance. Graphite particles (100 nm to 500 nm) up to 70 vol.% have been added to tin in order to reduce the CTE; 38 nanosized graphite (400 nm size) has been added to Sn-Bi solder in order to improve the creep resistance, but the addition harms the spreadability of the solder; 39 copper particles have been added to Sn-Zn solder for improving the creep resistance; 40 carbon nanotubes have been added to Sn-Ag-Cu solder for decreasing the CTE, improving the thermal stability, and decreasing the intermetallic compound thickness. 36, 41 By incorporating 29 vol.% continuous copper-plated carbon fibers in 60Sn-40Pb solder, the CTE is lowered from 24 9 10 À6 /°C to 8 9 10 À6 /°C. 37 In spite of the improved relevant properties rendered by the filler or continuous fiber incorporation, the effectiveness of solder-matrix composites as TIMs has not been previously evaluated.
A laminate of nickel-coated flexible graphite sheets bonded with electroplated 96.5Sn-3.5Ag solder, such that the solder content in the laminate is 9 vol.% to 11 vol.%, exhibits an in-plane CTE of À0.2 9 10
À6
/°C (slightly negative, essentially zero) and in-plane thermal contact conductance (with the laminate oriented with the in-plane direction being vertical when the laminate is positioned between horizontal sandwiching surfaces) up to 29 9 10 4 W/ (m 2 K), provided that the solder in the laminate is melted during the TIM installation. 42, 43 The essentially zero value of the CTE is too low for matching with the CTE of ceramics or semiconductors encountered in electronic packages.
Metal (copper or silver) particles have been added to isotropic graphite to improve the thermal conductivity. 44 However, the nonconformability of the resulting graphite-matrix composite is not attractive for use as a TIM.
In contrast to the laminate structure of prior work, 42, 43 this work combines solder with exfoliated graphite, such that the resulting structure is a solder-graphite composite with both solder and graphite exhibiting a degree of networking and with the two networks interpenetrating. Due to the compression of the exfoliated graphite during composite fabrication, flexible graphite is formed within the graphite network. The networking of the solder, as enabled by molten solder flow, promotes thermal conductivity, which is inadequate in unmodified flexible graphite in the through-thickness direction. 45 This work is aimed at (i) the development and fabrication of a composite material with the above-mentioned novel structure, (ii) investigation of the performance of the developed material as a TIM, and (iii) comparison of the TIM performance of this material with other materials.
Meaningful comparison of the performance of various TIMs should be conducted for the same composition and roughness of the sandwiching surfaces; For example, decrease of the roughness from 15 lm to 0.05 lm increases the thermal contact conductance of a carbon black paste between copper surfaces from 9 9 10 4 W/(m 2 K) to 29 9 10 4 W/(m 2 K). 5 The pressure applied to the thermal contact in the direction perpendicular to the plane of the contact is another parameter that should be controlled. Thus, in relation to the third objective, this work compares TIMs that are tested using the same technique under identical conditions. The comparison involves a large variety of TIMs, due to the extensive prior work of one of the authors (D.D.L.C.). [1] [2] [3] [4] [5] [6] [7] 10, 11, 20, 21 EXPERIMENTAL PROCEDURES
Materials
Two types of solder powder (a lead-containing solder and a lead-free solder) were used. The leadcontaining solder was 63Sn-37Pb (referred to as type A), which is one of the most commonly used solders and is a eutectic solid with a low melting point of 183°C. 46 The lead-free type of solder was 95.5Sn-4Ag-0.5Cu (referred to as type B), which is nearly eutectic in composition with a melting point ranging from 217°C to 219°C. 46 The melting point is higher for type B than type A. Both types of solder powder were provided by Heraeus Materials Technology GmbH & Co, Potsdam, Germany. For both types, the powder particles were spherical in shape, with typical diameter around 6 lm to 8 lm, as shown by optical microscopy.
Exfoliated graphite was formed by rapid heating of sulfuric-acid-intercalated graphite flakes. The flakes had typical mean size of 0.25 mm (65% on 80 mesh) and specific volume of 1.25 cm 2 /g. The intercalated graphite flake used in this work is designated as grade 3772, supplied by Asbury Carbons, Asbury, NJ. The expandable flake graphite was contained in stainless-steel foil tubing of length 65 cm and then heated in a crucible resistance furnace (Thermcraft) for 2 min at 900°C with nitrogen purging.
A worm refers to the exfoliated graphite obtained from a single graphite flake. Each worm has length 2 mm to 4 mm and specific surface area 41 m 2 /g (measured by nitrogen adsorption, using a Micromeritics ASAP 2010 instrument). Each worm exhibits a cellular structure ( Figs. 1 and 2) , such that the cell wall consists of about 60 graphite layers, as determined based on the measured specific surface area. During exfoliation, the cell wall extends greatly like a balloon due to extensive sliding between the graphite layers in the cell wall.
The ease of sliding between the graphite layers in a cell wall after exfoliation is enabled by the loosening of the interlayer interface that occurred during exfoliation. Due to this sliding, the cell wall is strongly viscous. 47, 48 Due to the cellular structure of each worm, compression of a collection of worms in the absence of a binder results in mechanical interlocking among the worms, thereby forming a sheet (flexible graphite). Because of the high degree of compaction during the compression of the worms, the resulting flexible graphite exhibits preferred crystallographic orientation of the graphite layers in the plane perpendicular to the direction of compression during fabrication. The greater the compression pressure, the higher the degree of preferred orientation. 25 Due to the viscous behavior of the cell wall and the preferred orientation of the graphite layers, the flexible graphite sheet is resilient in the throughthickness direction. The resiliency enhances the conformability, which is important for the performance of a thermal interface material.
The basic technical data for unmodified flexible graphite (without solder) and both types of solder are summarized in Table I . Solder A (with lead) exhibits lower thermal and electrical conductivities and higher CTE and density than solder B (leadfree). The higher CTE of solder A is consistent with the lower melting temperature of solder A. The thermal and electrical conductivities of either type of solder are higher than those of flexible graphite, as expected.
Surface treatment of the worms was performed in order to enhance the wettability of the worms by the molten solder. Ozone treatment of graphite is a process of surface oxidation that results in oxygencontaining functional groups on the graphite surface, thereby promoting wetting. 51 The ozone treatment involved exposure of the worms to ozone gas (1 vol.%) for 25 min at 160°C. An ozone generator (Ozonology) was used to produce ozone from oxygen. The heating was provided by a resistance tube furnace (Lindberg). Ozone-treated worms were used in this work, unless noted otherwise.
In this work, the worms and solder particles were dry-mixed in a closed bottle by manual shaking for 30 min, such that the shaking involved agitation by manual 180°reversal of the orientation of the bottle thousands of times. The mixture was then compressed in a stainless-steel mold of diameter 31.7 mm (1.25 inches) at pressure of 11.2 MPa for 5 min. Due to the cellular structure of exfoliated graphite, the compression step causes mechanical interlocking between the worms and hence the formation of a graphite network, which coexists with the distributed solder particles. The solder particles are not located within the pores of a worm, but are located among the worms.
The proportion of solder to graphite in the resulting solder-graphite composite is controlled by the ratio of the masses of solder and worms in the mixture. The density of the graphite in the resulting composite (after the entire fabrication process) was taken as 0.82 g/cm 3 ( Table I ). The heating that followed the compression was performed in two steps in a hydraulic hot press (Carver, with steel platens sandwiching the specimen mold) used without pressure application. In the first step (the preheating), the mold along with the mixture was heated at 215°C (for type A) or 250°C (for type B) for 80 min in the absence of pressure application for the purpose of melting the solder. These temperatures are above the respective melting temperatures of solder types A and B. For both types of solder, the occurrence of melting was confirmed by seepage of a small amount of solder from the mold. After heating for 80 min, pressure of 11.2 MPa was applied for 4 min in order to promote spreading of the molten solder, and then the furnace was allowed to cool to room temperature. In the second step (the reheating), the composite formed was reheated above the melting temperature of the respective solder, again at 215°C for type A and 250°C for type B, for 60 min. Immediately after this and with the temperature maintained, a pressure of 1.1 MPa was applied for 2 min. Then, the furnace was allowed to cool to room temperature. The reheating serves to further enhance the spreading of the molten solder. For specimens used for measuring the thermal contact conductance while the specimen is sandwiched by copper surfaces, the reheating took place with the specimen sandwiched by two copper cylinders, which are parts of the guarded hot plate apparatus (see ''Measurement of Thermal Contact Conductance'' section). In other words, the reheating occurred during the formation of the thermal interface. Unless noted otherwise, this reheating was performed for all the solder-containing TIMs of this work. For specimens used for all other tests, the reheating took place in the stainless-steel mold mentioned above in the absence of the copper cylinders. No flux was used.
Measurement of Thermal Contact Conductance
One of the most common and reliable methods for measurement of thermal contact conductance is the guarded hot plate method (ASTM method D5470), 5, 11 which is a steady-state method. This method involves measurement of the thermal resistance at thermal equilibrium between a hot surface and a cold surface that sandwich a specimen. The measured thermal resistance consists of the thermal resistance of the specimen and that of each of the two interfaces, such that each interface is that between the specimen and a sandwiching surface. The composition and roughness of the surfaces and the pressure applied to the thermal contact in the direction perpendicular to the contact affect the thermal contact conductance, so these quantities need to be controlled for the sake of meaningful comparison of the thermal interfacing effectiveness of different specimens. In this work, two copper cylinders were used to sandwich the specimen to be tested for its effectiveness as a TIM between the two copper surfaces (Fig. 3 ). Each copper surface had roughness of about 15 lm, as provided by mechanical polishing using 600-grit sandpaper, which was also used lightly, as necessary, to remove any surface contaminant (e.g., oxides) that may be present after a test. This level of roughness is the same as that of prior work that referred to this as the ''rough'' case. 5, 11 Each copper cylinder had height of 30.0 mm and diameter of 1.25 inches (31.7 mm). Each cylinder had two drilled blind holes (3.3 mm diameter) for inserting a thermocouple. The center of each circular hole was 5.0 mm from an end surface of the cylinder. The two holes in each cylinder along with the thermocouple allowed measurement of the temperature gradient in this cylinder. Based on the temperature gradient, the temperature at the end surface of the cylinder touching the specimen could be obtained by extrapolation. The temperatures at the bottom surface of the specimen and the top surface of the bottom copper cylinder are the same. Similarly, the temperatures at the top surface of the specimen and the bottom surface of the top copper cylinder are the same. Thus, the temperature gradient across the specimen thickness was determined.
A temperature gradient was imposed between the copper cylinders by the use of two larger, 3.00 inch 9 3.00 inch (76.0 mm 9 76.0 mm) square copper blocks. The block above the top copper cylinder served as a heat source, as it had embedded heating coils, such that the temperature was controlled by using a temperature controller, with the temperature set at 100°C. The block below the bottom copper cylinder served as a cold block, as it was cooled by running water that flowed into and out of the block. In order to minimize heat loss in the direction transverse to the imposed temperature gradient, thermal insulation was provided by wrapping the entire region consisting of the specimen edge, cylinders, and blocks with layers of tight-fitting felt cloth. Thus, the heat flow was essentially onedimensional. Thermal equilibrium was attained when the temperature at each hole became stable. The entire equilibrium process took about 1.0 h.
A contact pressure (either 0.46 MPa or 0.92 MPa, as in prior work, 5,11 unless stated otherwise) was applied on the thermal interface (between the copper cylinders sandwiching the specimen) in the direction perpendicular to the plane of the interface by a screw-action load cell. The pressure was monitored by using a calibrated attached strain gauge.
For the one-dimensional heat flow in the present situation, the heat flow was the same in all parts of the conduction path, so it could be obtained from that in a copper cylinder. The heat flow q in a copper cylinder with thermal conductivity k and cross-sectional area A due to a temperature gradient DT/d A is given by
where Q is the heat that flows over a time period Dt, d A is the distance (20.00 mm) between two holes in the cylinder, and DT is the temperature difference between these holes. The temperature at the bottom surface of the top copper cylinder is given by the expression
where d B is the distance between the top surface of the specimen and the thermocouple T 2 (5.00 mm) and d A is the distance between thermocouple T 1 and T 2 (20.00 mm). Hence, T 1 À T 2 is the temperature difference over the distance d A . Similarly, the temperature at the top surface of the bottom copper cylinder is given by the expression
where d D is the distance between the bottom surface of the specimen and the thermocouple T 3 (5.00 mm) and d C is the distance between thermocouple T 3 and T 4 (20.00 mm). Hence, T 3 À T 4 is the temperature difference over the distance d C . Since the two copper cylinders are identical, d C is equal to d A .
Because of the geometric symmetry of the two copper cylinders, Eqs. 2 and 3 can be simplified to
and
where
The thermal resistivity is given by
By subtracting Eq. 5 from Eq. 4, substituting the result into Eq. 6, and then substituting q from Eq. 1 into Eq. 6, the thermal resistivity is obtained as
The thermal resistivity is independent of the area, whereas the thermal resistance depends on the area. The reciprocal of the thermal resistivity gives the thermal contact conductance.
Measurement of Through-Thickness Thermal Conductivity
The thermal conductivity is a material property and is to be distinguished from the thermal contact conductance, which describes the effectiveness of heat transfer across the surfaces that sandwich the specimen. The total thermal resistance R t is given by
where R s is the thermal resistance of the specimen and R i is the thermal resistance of the interface between the specimen and a sandwiching surface. The total thermal resistance is the inverse of the thermal contact conductance divided by the area of the heat conduction path, A. The thermal resistance R s of the specimen can be written as
where k is the thermal conductivity of the specimen and L is the specimen thickness. Therefore, Eq. 8 can be written as
Thus, k is given by the inverse of the slope of a plot of thermal resistivity versus specimen thickness.
Measurement of In-Plane Coefficient of Thermal Expansion
A PerkinElmer Corporation (Norwalk, CT) series 7 thermal analysis system was used for measuring the CTE in the plane perpendicular to the compression direction during specimen fabrication. The measurement was made over the temperature range of 20°C to 100°C. Because of the very low CTE of quartz, a quartz cylindrical probe of 4.0 mm diameter was used to contact the upper surface of the specimen, so that the displacement of the probe indicated the change in thickness of the specimen under the probe. Due to the proximity to room temperature, the temperature of the furnace was controlled partly by a continuous supply of running cold water. The specimen was 5.0 mm long, 3.5 mm wide, and 0.50 mm thick. For controlling the contact between the specimen and the probe, a very small normal force of 10 mN was applied by the probe on the 3.5 mm 9 0.50 mm surface of the specimen, so that the dimensional change was measured along the 5.0 mm length of the specimen. Heating and cooling were conducted at a rate of 5°C/min. The specimen was first heated from 20°C to 100°C, then cooled from 100°C to 20°C, then reheated from 20°C to 100°C. The first cycle of heating and cooling was conducted in order to remove any thermal stress. The CTE was obtained from the data during the reheating. The dimensional change during the heating was up to 0.51 lm. Due to the small change in dimension, there was no buckling in the specimen.
Measurement of In-Plane Electrical Conductivity
The in-plane electrical conductivity of the specimens was measured using the four-probe method. This method utilizes four electrical contacts. The outer two contacts (25.0 mm apart) are for passing the current, while the inner two contacts (20.0 mm apart) are for voltage measurement. The electrical contacts were in the form of silver paint in conjunction with tin-coated copper wires of 0.13 mm diameter. Each contact was around the entire perimeter in a plane perpendicular to the direction of resistance measurement. The specimen was 30.0 mm long (the direction of resistance measurement), 5.0 mm wide, and 0.50 mm thick. A highprecision digital multimeter (Keithley 2001) was used for the direct-current (DC) resistance measurement.
Measurement of Through-Thickness Electrical Conductivity
The measurement of through-thickness electrical conductivity also involved the use of the four-probe method. The specimen was a circular disc of diameter 31.7 mm and thickness 0.50 mm (500 lm). Each of the top and bottom surfaces of the specimen had a current contact and a voltage contact. The current contact on both surfaces was made of a piece of copper foil (thickness 0.15 mm) cut in the shape of a ring with outer diameter being the same as that of the specimen (31.7 mm) and inner diameter being 15.0 mm. The voltage contact on either surface was made of copper foil cut into a circular disc of diameter 10.0 mm, as illustrated in Fig. 4 . All the contacts were applied to the specimen by using silver paint between the specimen and the copper foil. Each contact had an integral leg that protruded to facilitate electrical connection. A high-precision multimeter (Keithley 2001) was used for the resistance measurement.
Microscopy
Microscopic examination was conducted by scanning electron microscopy (SEM) on the as-is surface of the composite in the plane of the composite sheet and on the edge fracture surface obtained by flexural fracture of the composite.
RESULTS AND DISCUSSION

In-Plane Electrical Conductivity
The in-plane electrical conductivity was calculated by using the rule of mixtures for resistors in parallel, using the conductivities of the resistors involved as shown in Table I . Table II shows that the measured in-plane electrical conductivity and the ratio of the measured to calculated values of this conductivity were both higher for the composites made with worms that have been ozone treated than those made with worms that have not been treated. In particular, the ozone treatment increases the conductivity ratio from 0.58 to 0.85. This suggests better connectivity of the solder achieved with worms that have been ozone treated. The better connectivity of the solder is probably due to the enhanced wetting of the molten solder on the graphite due to the treatment.
Table III presents the measured and calculated values of the in-plane electrical conductivity, and the ratio of the measured conductivity to the calculated conductivity for solder A and solder B composites at various solder volume fractions. For either type of solder, the measured conductivity increased monotonically with increasing solder content, such that it abruptly increased at solder content around 55 vol.% to 56 vol.% (Table III) . The ratio of the measured conductivity to the calculated conductivity also increased monotonically with increasing solder content, such that it abruptly increased at a solder content around 55 vol.% to 56 vol.% (Table III; Fig. 5 ). This means that the parallel resistor model becomes more accurate at solder contents above 55 vol.% to 56 vol.%, due to better solder connectivity above 55 vol.% to 56 vol.%. As a consequence, the measured conductivity is much below the calculated value below 55 vol.% and approaches 1 at the highest solder content of 65 vol.%. Therefore, the solder content of 55 vol.% to 56 vol.% was chosen for subsequent investigation.
At the same solder content in the range ‡50 vol.%, type A solder gave a lower conductivity and a lower ratio of the measured conductivity to the calculated conductivity than type B solder (Table III) . Unless stated otherwise, testing was conducted on type A solder composite containing 55 vol.% solder and type B solder composite containing 56 vol.% solder.
The higher conductivity for solder B composites is consistent with the higher conductivity of solder B than solder A in the absence of graphite (Table I) . The higher ratio for type B indicates that the electrical connectivity of the solder is superior for solder B than solder A.
Through-Thickness Electrical Conductivity
The through-thickness electrical conductivity (Table IV) was much lower than the in-plane electrical conductivity (Table III) . The ratio of the in-plane conductivity to the through-thickness conductivity was 7, suggesting substantial preferred orientation of the graphite layers in the in-plane direction (as for flexible graphite in the absence of solder). This also reflects the poor electrical connectivity of the solder in the through-thickness direction compared with the in-plane direction. The calculated through-thickness electrical conductivity based on resistors in series was closer to the measured value than that based on resistors in parallel. This further supports the notion that the electrical connection of the solder is poor in the throughthickness direction. However, the measured conductivity was between the calculated values based on the parallel and series models, indicating that there is still a degree of connectivity of the solder in the through-thickness direction. The ratio of the measured conductivity to the calculated conductivity (based on resistors in series) was higher for type B than type A, suggesting better throughthickness solder connectivity for type B.
For the same solder content of 55 vol.% to 56 vol.% and the same thickness of 500 lm, the through-thickness electrical conductivity was higher for the solder B composite than the solder A composite. This is consistent with the higher conductivity of solder B in the absence of graphite (Table I) .
In-Plane Coefficient of Thermal Expansion
The in-plane CTE was below 13 9 10 À6 /°C for both solder A and solder B composites containing 55 vol.% to 56 vol.% solder, as shown in Table V . The composites provided 47% and 52% reductions in the CTE value compared with the solder itself for type A and type B solder, respectively. The measured CTE value was lower for the solder B composite than the solder A composite. This is consistent with the fact that the CTE of the solder in the absence of graphite was lower for solder B than solder A (Table I ). The calculated values are based on the rule of mixtures, using the volume fractions of the components as the weighting factors and the CTE values of the components shown in Table I . The ratio of the measured CTE to the calculated CTE was close to 1 for both solder A and solder B composites, but the ratio was slightly higher for the solder A composite. This probably reflects the lower degree of in-plane connectivity of the solder in the solder A composite (as shown by the in-plane electrical conductivity measurement in ''In-Plane Electrical Conductivity'' section) and the consequent Table III. larger area of the interface between solder and graphite in the solder A composite.
Thermal Contact Conductance and SpecimenCopper Interfacial Thermal Resistivity Figure 6 shows the variation of the total thermal resistivity (the product of the thermal resistance and the area) with the thickness for solder A and solder B composites, each tested at two different contact pressures. The specimens contained 55 vol.% to 56 vol.% solder.
Solder A and solder B at the same pressure and the same thickness gave essentially the same value of the total thermal resistivity. For either type of solder and for any of the thicknesses, an increase in pressure from 0.46 MPa to 0.92 MPa decreased the total thermal resistivity. This decrease is due to a decrease in the thermal resistivity of the interface between the specimen and each of the two copper surfaces sandwiching the specimen, as shown in Table VI , where the interfacial thermal resistivity is equal to half of the intercept with the thermal resistivity axis of the curve of the total thermal resistivity (in the small thickness regime) versus thickness (Fig. 6 ) at zero thickness. Because of the nanoscale structure of the interface region and the possible difference in structure between this region and the bulk material, the value of the interfacial resistivity obtained by this extrapolation method should be strictly speaking considered a nominal value of the interfacial resistivity. Nevertheless, this nominal value is practically useful for describing the behavior of the thermal interface. Furthermore, this value pertains to the small thickness regime, which is the practically important regime for high TIM performance. As expected, an increase in pressure improves the conformability of the TIM, thereby decreasing the thermal resistivity of this interface (Table VI) . For both solder composites (55 vol.% to 56 vol.% solder), each at two contact pressures (0.46 MPa and 0.92 MPa), the interfacial thermal resistivity was lower by an order of magnitude than that previously reported as 54 9 10 À6 (m 2 K)/W for unmodified flexible graphite (without solder) fabricated at the same pressure as this work. 50 This means that the addition of solder to flexible graphite significantly decreased the interfacial thermal resistivity through conformability enhancement. Although flexible graphite has a degree of conformability, the molten solder in the composite during TIM installation is the main contributor to the conformability of the TIM.
For any combination of solder and pressure, the curve of thermal resistivity versus thickness was piecewise linear, with two linear segments. The linear segment in the high thickness regime had a higher slope than that in the low thickness regime. An abrupt change in slope occurred at thickness of 90 lm to 100 lm. Since the slope is inversely related to the thermal conductivity of the specimen, the above results mean that, for any combination of solder and contact pressure, the thermal conduc- tivity was lower in the high thickness regime than the low thickness regime. The thermal contact conductance (the reciprocal of the total thermal resistivity shown in Fig. 6 ) is presented in Table VII . It decreased monotonically with increasing thickness, such that the decrease was relatively abrupt at thickness 90 lm to 100 lm. without solder 50 ), as discussed in ''Comparison with Prior Work'' section.
For the same combination of thickness and contact pressure, the thermal contact conductance tended to be higher for solder B than solder A. This difference became clearer as the thickness was reduced below 100 lm. For the same material and at a given thickness, an increase in the contact pressure increased the thermal contact conductance, such that the effect was more significant at thicknesses £100 lm. Table VIII shows that the thermal contact conductance decreased monotonically as the contact pressure was reduced from 0.92 MPa to 0.46 MPa and to zero, whether the thickness was 100 lm or 50 lm. However, even at zero pressure, the conductance was substantial. Table IX shows that the absence of solder melting (reheating) during formation of the thermal interface using the solder-graphite composite as a TIM greatly decreased the thermal contact conductance. This means that the melting of the solder is necessary to cause the needed level of conformability of the composite with the sandwiching surfaces.
As the thickness was decreased, the fraction of the total thermal resistivity that was interfacial increased (Table VII; Fig. 7 ). At thicknesses ‡110 lm, the total thermal resistivity was dominated by the specimen resistivity; at lower thicknesses, the total thermal resistivity was dominated by the interfacial resistivity. This is because of the decrease in the thermal resistance of the specimen as the thickness decreased. This means that, at thicknesses below 110 lm, the conformability of the TIM rather than the thermal conductivity of the TIM governed the TIM performance.
For the same thickness, the fraction of the total thermal resistivity that was interfacial was higher for the lower contact pressure. This is because the interfacial thermal resistivity decreased with increasing contact pressure (Table VI) , enhancing the conformability.
Compared with solder itself (without graphite), the solder composite (55 vol.% solder) is attractive for its lower tin content (due to the presence of graphite) and the consequent lower extent of the detrimental tin-copper reaction, which results in intermetallic compounds. 35 In addition, it is attractive for the absence of molten solder seepage, which tends to occur when solder itself (without graphite) is used. Furthermore, the composite is advantageous in that it has a lower CTE (Tables I, V) than the solder by itself.
Through-Thickness Thermal Conductivity
The through-thickness thermal conductivity, as obtained from the slope of the curve of thermal resistivity versus thickness (Fig. 6) , is shown in Figs. 8, 9 and Table X. As the thickness increased, the thermal conductivity dropped abruptly at The upper bound is not available for the case of small thicknesses. There is greater uncertainty for the thermal conductivity in the small thickness regime than the large thickness regime. Thus, only the lower bound can be determined in the small thickness regime.
a The thickness decrease from the large thickness regime to the small thickness regime.
thickness of 80 lm to 100 lm, such that the thermal conductivity was much higher in the small thickness regime than the large thickness regime. Although the error in the thermal conductivity is relatively large in the small thickness regime, the lower bound of the conductivity in this regime is still high, i.e., 36 W/(m K) and 50 W/(m K) for solder A composite and solder B composite, respectively. These high values indicate that the thermal conductivity was dominated by the solder part of the composite. An increase in the contact pressure had negligible effect on the thermal conductivity (Table X) , even though it significantly affected the interfacial thermal resistivity (Table VI) . The thermal conductivity was essentially the same for both types of solder composite at thicknesses above 100 lm. Below thickness of 90 lm, the type B solder composite exhibited higher thermal conductivity than the type A solder composite. This is consistent with the lower thermal conductivity of solder A compared with solder B, both in the absence of graphite (Table I) .
The thermal conductivity of a material is a property of the material and should not change with the thickness unless the material structure changes with the thickness. Therefore, the results mean that the structure of the composite exhibits a step change at thickness of 90 lm to 100 lm. This step change in structure is attributed to an increase in the electrical connectivity of the solder in the composite as the thickness is decreased.
The thermal conductivity of flexible graphite in the through-thickness direction decreases with increasing density, which is achieved by increasing the pressure on the worms during fabrication. 25 However, in this work, the fabrication pressure was fixed, so that the density was fixed; the thickness was controlled by the amount of exfoliated graphite used and not by the fabrication pressure. In the absence of solder, the thermal conductivity was 5.8 W/(m K) 50 (Table I) , which is higher than those of the solder composites in the large thickness regime and much lower than those of the solder composites in the small thickness regime (Table X) .
The thermal conductivity calculated by using the rule of mixtures for thermal resistors in parallel was close to the measured values for the small thickness regime but much higher than those for the large thickness regime. The thermal conductivity calculated for thermal resistors in series was far from the measured values for both the small and large thickness regimes. Thus, the parallel model is superior to the series model for the small thickness regime, whereas the series model is superior to the parallel model for the large thickness regime. This means that the thermal connectivity of the solder in the through-thickness direction was high in the small thickness regime but low in the large thickness regime. Figure 10 shows scanning electron microscopy (SEM) images of the edge fracture surface (obtained by flexure) of the type A solder composite with 55 vol.% solder. The bright regions are solder, and the dark regions are graphite. The graphite exhibits an interconnected layered structure, though the layers are bent. The solder is segregated and is partly in the form of interconnected particles of size similar to that of the solder powder used (Fig. 10a) and partly in the form of a coating on the graphite layers (Fig. 10b) . The solder exhibits a degree of three-dimensional connectivity, though the twodimensional connectivity is stronger. Figure 11 shows corresponding micrographs for the type B composite. The microstructure is similar to that for the type A composite of Fig. 10 . However, the particulate nature of the solder is clearer for the type B composite. The solder particles are more connected for the type A composite than the type B composite. This difference between the two types of solder composite is probably due to the difference in flow behavior between the two types of solder. The flow of the molten solder is apparently limited in case of solder B composite, thus resulting in a particle morphology after melting. The preferred orientation of the graphite layers is clearly shown by Fig. 11b . Figure 12 shows the in-plane surface microstructure of the solder composites, which are observed without mechanical polishing. The solder in the type A solder composite exists as large patches, though some interconnected solder particles are also observed. In contrast, the solder particles are distinctly observed in the type B solder composite.
Microstructural Examination
Based on the microscopic images, the solder particle connectivity was inferior for type B than type A. However, based on the electrical conductivity results (Tables III, IV) , the solder connectivity was slightly superior for type B than type A. Furthermore, the TIM performance, as shown by the thermal contact conductance (Table VII) , was slightly better for type B than type A. It is possible that the part of the solder in the form of a coating on the graphite layers is more continuous for the type A composite than the type B composite, as suggested by the greater degree of continuity of the bright regions (which correspond to the solder coating) in Fig. 11b than in Fig. 10b .
In the solder-graphite composites, both solder and graphite exhibit a degree of networking, such that the two networks interpenetrate. The networking in both solder and graphite is indicated by the electrical and thermal conductivity results (Table IV) . In addition, the solder networking is supported by the SEM images in Figs. 10a and 12a , and the graphite networking is supported by the SEM images in Figs. 10b and 11b. Further work is needed to examine and understand the structure of the composites of this paper.
Comparison with Prior Work
Table XI shows a comparison of the thermal contact conductance between the solder and soldergraphite composites of this work and various TIM materials (prior work of one of the authors, i.e., D.D.L.C. 2, 3, [5] [6] [7] 10, 50 ) also tested between copper surfaces with the same surface roughness and same contact pressures as in this work. The other TIM materials include thermal pastes, unmodified flexible graphite, thermal-paste-penetrated flexible graphite, thermal-paste-coated flexible graphite, and thermal-paste-coated metal foils. The soldergraphite composite is superior to all the other TIMs listed.
Unmodified flexible graphite has a degree of conformability, but due to its low thermal conductivity in the through-thickness direction, the overall thermal contact conductance is low. At a thickness of 13 lm 11 and a contact pressure of 0.46 MPa, unmodified flexible graphite (commercially available) exhibits a thermal contact conductance of only 1.40 9 10 4 W/(m 2 K). Despite the high thermal conductivity, unmodified metal foils suffer from low values of the thermal contact conductance due to their poor conformability. Aluminum and copper foils, both 130 lm thick, give thermal contact conductance values of 0.99 9 10 4 W/(m 2 K) and 0.75 9 10 4 W/(m 2 K), respectively. 11 Metal foils coated with a carbon black paste show an improvement in thermal contact conductance, but the present work provides still higher values of the thermal contact conductance.
Solders have high thermal conductivity and are conformable in the molten state, but they suffer from their high CTE (which causes thermal fatigue) and the tendency for forming voids 52 (which decreases the thermal contact conductance 34 ). At a thickness of 0.26 mm, the thermal contact conductance reported is up to 17.0 9 10 4 W/(m 2 K), 34 which is lower than the highest value obtained in this work. A laminate of multiple flexible graphite sheets (50 lm to 200 lm thick per sheet) bonded together by soldering gives in-plane thermal contact conductance up to (29 ± 4) 9 10 4 W/(m 2 K), 42, 43 which is essentially equal to the highest value of (26.2 ± 0.6) 9 10 4 W/(m 2 K) obtained in this work by using a solder-graphite network composite. Both the laminate of Refs. 42, 43 and the composites of this work require solder reflow during installation as a TIM. However, the composite fabrication process is more complicated for the laminate of Refs. 42, 43, since it involves electroplating of solder on flexible graphite 42 prior to lamination and cutting of the laminate in the through-thickness direction with subsequent lapping to form slices of thickness around 200 lm to 250 lm to serve as TIMs with the heat flow direction along the thickness of a slice. 43 The difficulty of fabricating TIMs of thickness below 200 lm is another drawback of this laminate route. Since the thermal resistance within the TIM decreases with decreasing thickness, small thicknesses are attractive.
The graphite-solder laminate of prior work 42, 43 contains around 10 vol.% solder, whereas the solder-graphite composites of this work contain around 55 vol.% solder. Reference 42 mentions that the conformability of the TIM rather than the thermal conductivity of the TIM governs the TIM performance and that the conformability of the TIM stems from that of the graphite part of the laminate. At thickness below 110 lm, the solder-graphite composite of this work has its sandwich thermal resistance dominated by the composite-copper interfacial thermal resistance (Table VII) , indicating that the conformability of the TIM rather than the thermal conductivity of the TIM governs the TIM performance. Hence, conformability is key for both the laminate of Refs. 42, 43 and the soldergraphite composite of this work. However, in contrast to the laminate, the conformability of the composite of this work is largely contributed by the solder, as indicated by the much higher interfacial thermal resistivity for the unmodified flexible graphite 50 compared with the solder-graphite composite of this work.
Tin nanowire arrays 53 show small dependence on the contact pressure, but the conformability is not adequate. A very high value of the thermal conductivity [67 W/(m K)] has been reported for tin nanowires, but the thermal contact conductance for tin nanowires [5.0 9 10 4 W/(m 2 K)] is less than that [12] [13] [14] [15] [16] [17] [18] [19] [20] [55] [56] [57] and nanofibers 58 have received much recent attention in relation to their potential as TIMs. A thermal contact conductance of 1.6 9 10 4 W/(m 2 K) has been reported for a carbon nanotube adhesive grease. 57 A value of 5.6 9 10 4 W/(m 2 K) has been reported for carbon nanotube-filled silicone. 56 A value of 2 9 10 4 W/ (m 2 K) has been reported for a mat comprising exfoliated graphite nanoplatelets, carbon nanotubes, and carbon nanofibers. 31 A value of 3.7 9 10 4 W/(m 2 K) has been reported for a carbon nanotube paper. 55 A value of 6.85 9 10 4 W/(m 2 K) has been reported for vertically aligned carbon nanotube arrays synthesized on a bulk aluminum alloy. 17 For a bilayer aligned carbon nanotube TIM, 16 the thermal contact conductance is up to 11.39 9 10 4 W/(m 2 K) and the thermal conductivity is up to 19.75 W/(m K). For a carbon nanotube array with an organic coating, a thermal contact conductance of 22 9 10 4 W/(m 2 K) has been reported. 15 For a carbon nanotube array that contains wax and is bonded to a surface by using a tin-based solder foil, a thermal contact conductance of 29 9 10 4 W/ (m 2 K) has been reported. 14 For a carbon nanotube array that has been metallized with Ti/Au to facilitate bonding, a value of (59 ± 14) 9 10 4 W/(m 2 K) has been reported for the array-substrate interface, which is an interface within the TIM. 13 The thermal resistance of an interface within a TIM is necessarily lower than that of the overall thermal contact between the two surfaces that sandwich the TIM. Therefore, the value of (59 ± 14) 9 10 4 W/(m 2 K) 13 cannot be used for comparison of the performance of this TIM with that of other TIMs. For carbon nanofiber arrays, 58 the thermal contact conductance is up to 7.69 9 10 4 W/(m 2 K). Thus, all the reported values of thermal contact conductance (between the two surfaces that sandwich the TIM) for TIMs involving carbon nanotubes (CNTs) or carbon nanofibers (CNFs) are comparable to or lower than those for the solder-graphite composite of this work [up to 26 9 10 4 W/(m 2 K)]. This reflects the good conformability and high thermal conductivity of the solder-graphite composite of this work. Compared with the TIMs containing CNTs or CNFs, the composite of this work is advantageous in having much lower material cost. Compared with the TIMs in the form of CNTs or CNT arrays, the composite of this work is additionally advantageous in having much lower processing cost.
A lead-free-solder-matrix composite containing multiwalled carbon nanotubes has been reported. 36 Compared with the solder itself, a lower CTE value is obtained (19.3 9 10 À6 /°C). However, the values obtained are high compared with those of the solder-graphite composites in this work.
CONCLUSIONS
A new low-cost high-performance TIM in the form of a solder-graphite composite sheet ( ‡55 vol.% solder) with a novel structure has been developed. In the composite, solder and graphite form interpenetrating networks to a degree. The material performs better than solder, flexible graphite, pastecoated flexible graphite, paste-penetrated flexible graphite, paste-coated metal foils, and a large variety of thermal pastes, all tested under identical conditions in the laboratory of one of the authors (D.D.L.C.). In addition, the material performs better than or is comparable to all previously reported TIMs that involve carbon nanotubes, carbon nanofibers or graphite/graphene nanoplatelets, which are more expensive than graphite.
The composite material is made by room-temperature compression of a mixture of ozone-treated exfoliated graphite and micrometer-size solder particles at 11.2 MPa to form the graphite network (due to the mechanical interlocking among the worms), followed by fluxless solder reflow (heating above the melting temperature of the solder) to form the solder network. The ozone treatment greatly improves the solder connectivity in the resulting composite.
With type B solder (95.5Sn-4Ag-0.5Cu), composite thickness of 40 lm, and contact pressure of 0.92 MPa, the composite exhibits CTE of 10 9 10 À6 /°C , thermal contact conductance between copper surfaces (15 lm roughness) of 26 9 10 4 W/(m 2 K), through-thickness thermal conductivity of 52 W/ (m K), and composite-copper interfacial thermal resistivity of 1.4 9 10 À6 (m 2 K)/W, with about 75% of the thermal resistivity being due to the two composite-copper interfaces. This high performance requires the solder reflow (remelting the solder in the composite) while the composite is positioned at the thermal interface. No flux is required.
The composite is anisotropic, with the solder connectivity being much lower in the throughthickness direction than the in-plane direction and electrical conductivity anisotropy of 7.3. The electrical conductivity obeys the rule of mixtures (parallel model in-plane and series model throughthickness). The TIM performance is reduced slightly upon changing the solder from type B (95.5Sn-4Ag-0.5Cu) to type A (63Sn-37Pb), partly due to the higher thermal conductivity of type B solder.
The contact conductance exceeds or is comparable to that of all previously reported TIMs, provided that solder reflow has occurred and the composite thickness is £100 lm. Upon decreasing the thickness below 100 lm, the sandwich thermal resistivity decreases abruptly, the composite through-thickness thermal conductivity increases abruptly from 2 W/ (m K) to 52 W/(m K) (reaching values comparable to the values calculated based on the rule of mixtures for thermal resistors in parallel), and the compositecopper interfacial thermal resistivity (rather than the composite resistivity) becomes dominant. This means that the conformability rather than the thermal conductivity governs the TIM performance at thicknesses below 100 lm. Compared with the corresponding graphite without solder, the composite with thickness below 100 lm gives superior TIM performance, higher through-thickness thermal conductivity, and lower interfacial thermal resistivity (i.e., greater conformability). The solder contributes largely to the conformability and the thermal conductivity of the solder-graphite composite.
The TIM performance is progressively reduced by decreasing the contact pressure from 0.92 MPa to 0.46 MPa and to zero. This is due to an increase in the interfacial thermal resistivity, which is in turn due to a decrease in conformability.
